Aims Plant growth regulators play an important role in seed germination. However, much of the current knowledge about their function during seed germination was obtained using orthodox seeds as model systems, and there is a paucity of information about the role of plant growth regulators during germination of recalcitrant seeds. In the present work, two endangered woody species with recalcitrant seeds, Araucaria angustifolia (Gymnosperm) and Ocotea odorifera (Angiosperm), native to the Atlantic Rain Forest, Brazil, were used to study the mobilization of polyamines (PAs), indole-acetic acid (IAA) and abscisic acid (ABA) during seed germination. † Methods Data were sampled from embryos of O. odorifera and embryos and megagametophytes of A. angustifolia throughout the germination process. Biochemical analyses were carried out in HPLC. † Key Results During seed germination, an increase in the (Spd + Spm) : Put ratio was recorded in embryos in both species. An increase in IAA and PA levels was also observed during seed germination in both embryos, while ABA levels showed a decrease in O. odorifera and an increase in A. angustifolia embryos throughout the period studied. † Conclusions The (Spd + Spm) : Put ratio could be used as a marker for germination completion. The increase in IAA levels, prior to germination, could be associated with variations in PA content. The ABA mobilization observed in the embryos could represent a greater resistance to this hormone in recalcitrant seeds, in comparison to orthodox seeds, opening a new perspective for studies on the effects of this regulator in recalcitrant seeds. The gymnosperm seed, though without a connective tissue between megagametophyte and embryo, seems to be able to maintain communication between the tissues, based on the likely transport of plant growth regulators.
INTRODUCTION
Germination is a complex plant developmental process regulated by the balance between levels of plant growth regulators and the spatial and temporal expression of seed-specific gene networks (Barendse and Peeters, 1995) . Morphologically, germination is completed when a part of the embryo, usually the radicle, has grown enough to penetrate the structures that surround it (Bewley, 1997) . Although they operate at different levels, plant growth regulators play an important role in seed germination (Chen et al., 2004) . Abscisic acid (ABA) regulates different aspects of seed development and germination. At the beginning of embryogenesis, ABA is produced by maternal tissue, suppressing viviparity and activating embryo growth and development (Cheng et al., 2002 , Frey et al., 2004 . During maturation, this hormone is produced by embryo tissues, allowing the synthesis of storage protein and lipids (Kermode, 1990; Gutierrez et al., 2007) . Therefore, in many plant species endogenous ABA is involved in the induction, and perhaps in the maintenance, of the dormant state and germination delay (reviewed in Kucera et al., 2005) . A decrease in ABA levels is usually detected at the start of the germination process, based on synthesis suppression as well as catabolism (Feurtado et al., 2004; Kushiro et al., 2004) . ABA is known as an antagonist of gibberellins, a class of plant growth regulators that induce seed germination (Kermode, 2005) .
Auxins are one of the most important classes of phytohormones, since they are key regulators of virtually every aspect of plant growth and development, regulating transcription by rapidly modulating levels of Aux/IAA proteins throughout development (reviewed in Mockaitis and Estelle, 2008) . Local auxin biosynthesis plays essential roles in many different processes, including gametogenesis, embryogenesis, seedling growth, vascular patterning and flower development (reviewed by Zhao, 2010) . At the cellular level, auxin controls division, elongation and differentiation, as well as plant cell polarity (Tromas and Perrot-Rechenmann, 2010) .
Polyamines (PAs) are low molecular-weight organic polycations, displaying a broad biological activity. The main PAs present in higher plants are putrescine (Put), spermidine (Spd) and spermine (Spm) (Bouchereau et al., 1999; Kuznetsov et al., 2006; Takahashi and Kakehi, 2010) . PAs exert a broad spectrum of biological activities such as the regulation of gene expression, signal modulation, cell proliferation and membrane stabilization (Tabor and Tabor, 1984; Cohen, 1998; Igarashi and Kashiwagi, 2000) . These roles have been associated with the control of cell division, embryogenesis, root formation, fruit development and ripening, and responses to biotic and abiotic stresses (Kumar et al., 1997; Bouchereau et al., 1999; Minocha et al., 1999; Silveira et al., 2006; Santa-Catarina et al., 2006; Groppa et al., 2007) . Besides the studies that have assessed the effect of single PAs alone, other studies associate physiological events in plants with the relationship between two or more PAs. It has been proposed that the Put : Spd ratio is an important biomarker of the regeneration capacity in plants (Shoeb et al., 2001) . Studies on Nicotiana tabacum protoplast demonstrated that high levels of Put against Spd + Spm levels could be associated with totipotency (Papadakis et al., 2005) . Other work has associated the Put : (Spm + Spd) ratio with embryo development and germination (Silveira et al., 2004; Dias et al., 2009) . On the other hand, high Spd : Put ratios were recorded in Pinus radiata embryos capable of germinating and forming plantlets (Minocha et al., 1999) .
Seed germination can also be compared according to the desiccation tolerance in the seed, directly related with their metabolic features. Orthodox seeds acquire desiccation tolerance during development; their water content can drop to a low level but they remain viable in the dry state for predictable periods. Upon imbibition, orthodox seeds switch from quiescence to a highly active metabolism. On the other hand, recalcitrant seeds have a high water content at the moment they are shed. These seeds are sensitive to desiccation and are metabolically active at shedding (Barbedo and Marcos Filho, 1998; Pammenter and Berjak, 2000) . Additionally, recalcitrant seeds are able to germinate without the need to add exogenous water (Berjak and Pammenter, 2008) .
Although there are several reports addressing the effects of plant hormones and PAs on growth and development, studies on the changes in endogenous levels of PAs during seed germination, as well as the relationship between these compounds, in recalcitrant seeds, are scarce.
Physiological aspects of germination can also be influenced by seed structure (Atwater, 1980) and the mobilization of growth regulators between the embryo and the surrounding tissues (Debeaujon, 2000; Leubner-Metzger, 2002; Hermann et al., 2007) . Seed morphological features, in turn, may be related to the plant's evolutionary history. According to a review by Linkies et al. (2010) , the main changes that occurred throughout the seed evolutionary process are concerned with megagametophyte specialization into endosperm and with the increase in embryo size in comparison with seeds, caused by its growth during embryogenesis.
The seeds used in this study were from two different woody species, Ocotea odorifera (Lauraceae, Angiosperm) and Araucaria angustifolia (Araucariaceae, Gymnosperm) which show distinct seed morphologies, due to the evolutionary distance between the species. In A. angustifolia only part of the storage reserves from megagametophytes is transported to the embryo during its development within the corrosion cavity (King and Gifford, 1997) . This keeps the two structures physically apart during and after embryo development and germination and the two structures do not present a clear connection. On the other hand, in O. odorifera, the storage organs are the cotyledons, while the embryo and the seed reserves form a single, physically connected system (Kucera et al., 2005) . The two seeds, produced by native trees of the Brazilian Atlantic Rainforest, have recalcitrant characteristics and cannot be stored for long periods. The two species have been extensively exploited in the past, have irregular phenology, and pollination and seed formation occur at long intervals. As a result, both species have been declared critically endangered, according to IUCN (2010) .
In the present work, contents of indole-acetic acid (IAA), ABA and PAs during seed germination of O. odorifera and A. angustifolia were assessed. The results presented here will help increase the knowledge of the physiological changes that take place during seed germination, mainly in recalcitrant seeds, and allow a better understanding on the communication between the reserve tissue and embryo between the evolutionarily distant gymnosperm and angiosperm seeds. In addition, this information will be useful to monitor seed germinability upon storage, adding knowledge to efforts on somatic embryo research in conservation programmes for these species.
MATERIALS AND METHODS

Plant material and germination
Mature seeds of Araucaria angustifolia (Araucariaceae, Gymnosperm) were harvested in Santa Catarina State, Brazil, in May 2008. Mature seeds of Ocotea odorifera (Lauraceae, Angiosperm) were harvested in São Paulo State, Brazil, in June 2008. Germination assays were carried out on three replicates of 15 seeds each. Before planting, seeds were scarified by cutting a small portion of the proximal pole (A. angustifolia) or excising part of the seed coat (O. odorifera). After that, seeds were placed in sterilized vermiculite : soil mixture (1 : 1), and irrigated every 2 d in a growth room at 27 8C under a 16-h photoperiod. Ocotea odorifera seeds were sampled 0, 15, 30 and 45 d after sowing, while A. angustifolia seeds were sampled 0, 2, 4, 8 and 10 d after sowing (Figs 1 and 2 , respectively).
Germination was assessed based on the occurrence of radicle protrusion. Araucaria angustifolia seeds germinated within 10 d, while O. odorifera seeds germinated within 45 d. Because of morphological differences between these seeds, the analyses were conducted in different ways: A. angustifolia megagametophyte and embryos were isolated in every collection, while in O. odorifera embryos were isolated from the seed coat. All plant material was placed in liquid nitrogen and stored at -80 8C before HPLC analysis. Araucaria angustifolia megagametophytes and embryos were analysed separately, while O. odorifera embryos were analysed as one single structure.
Biochemical analysis by high-performance liquid chromatography (HPLC)
PAs. PA determination was performed according to Silveira et al. (2004) . Samples (200 mg of fresh tissue) were ground in 1 . 6 mL of 5 % (v/v) perchloric acid. After 1 h, the samples were centrifuged for 20 min at 20 000 g at 4 8C. Free PAs were determined directly from the supernatant. Conjugated PAs were extracted by hydrolysing 200 mL of supernatant with 200 mL of 12 N HCl for 18 h at 110 8C. Samples were dried under nitrogen and then solubilized in 200 mL of 5 % perchloric acid. Free and conjugated PAs were derivatized by dansyl chloride and identified by HPLC, using a 5-mm C18 reversephase column (Shimadzu Shin-pack CLC ODS). The HPLC column gradient was created by adding incremental volumes of acetonitrile to an initial 10 % aqueous acetonitrile solution (pH 3 . 5). The gradient of acetonitrile was programmed to be 65 % over the first 11 min, ranging from 65 % to 100 % between 11 min and 25 min, and reaching 100 % in 35 min, at 1 mL min 21 flow and 40 8C. PA concentration was determined using a fluorescence detector at 340 nm (excitation) and 510 nm (emission). Peak areas and retention times were measured by comparison with standard PAs. Supernatants were concentrated in a speed vac at 45 8C, upon reaching 20 % of the initial volume (1 mL). The volumes were adjusted with Milli'Q water to 3 mL, and the pH adjusted to 2 . 5 using HCl (1 N). Samples were partitioned twice with ethyl ether. The organic phases containing IAA and ABA were completely dried in a speed vac at 45 8C, dissolved in 300 mL of 100 % methanol, and stored at -70 8C until analysis. Aliquots of stored extracts were analysed by HPLC, using a 5-mm C18 reverse-phase column (Shimadzu Shin-pack CLC ODS). The gradient was created by adding increasing volumes of methanol to 10 % methanol plus 0 . 5 % acetic acid in water. The methanol gradient was programmed as: 20 % over the first 15 min; 20-45 % between 15 min and 22 min; 45-54 % between 22 min and 33 min; 54-100 % between 33 min and 34 min; and 100 % in 50 min, at a 1 mL min 21 flow rate at 40 8C. IAA concentration was determined using a fluorescence detector at 280 nm (excitation) and 350 nm (emission). ABA concentration was determined using a UV-VIS detector at 254 nm. Fractions containing IAA and ABA were collected and analysed in a Packard Tri-Carb liquid scintillation counter to estimate losses.
Data analysis
PAs, ABA and IAA contents were obtained in triplicate. Data are presented as mean and standard error.
RESULTS
PAs
For O. odorifera, only Spm levels increased during radicle protusion (30 d after sowing), whereas the content of free Spd was constant and Put decreased after germination (Fig. 3A) . The content of conjugated PAs followed a different pattern, when compared with free PAs. Conjugated PA levels had declined to zero 15 d after sowing, increasing continuously thereafter until the 45th day. The highest conjugated PA levels were observed for accumulated Put and Spd, while the lowest level was observed for Spm (Fig. 3B) .
For A. angustifolia embryos, free Put was the main PA observed, showing the highest levels throughout the experimental period, except for the 8th day, when levels were similar to those of the other PAs. At the same time, a peak was observed in the Spd level, while the Spm level did not vary considerably during the experimental period (Fig. 3C) . Lower levels were observed for conjugated PAs, when compared with the variable levels measured for free PAs throughout seed germination. On the 10th day, when radicle protrusion was observed, levels of all conjugated PAs dropped to zero (Fig. 3D) . In A. angustifolia megagametophytes, the total free PA content was lower than in zygotic embryos. The highest levels were observed for Spd, followed by Spm and Put, in that order. Peaks of Spd and Spm were observed at the beginning of the experimental period (Fig. 3E) . Comparatively, the levels of conjugated PAs in megagametophytes were lower than those observed for free PAs in embryos. In contrast to the A. angustifolia embryo, in megagametophytes the lowest PA level was observed for Put, while the highest levels were observed for Spd throughout the experimental period (Fig. 3F) .
The (Spd + Spm) : Put ratio in O. odorifera seeds increased during the 45-d period after seed sowing, when seeds germinated (Fig. 4A ) due to the increase in free Spm, in the same period (Fig. 3A) . For A. angustifolia embryos, the (Spd + Spm) : Put ratio was ,1 during seed germination, except on the 8th day (Fig. 4B) , when an increase was observed. This peak resulted from the transient increase in free Spm and Spd levels and a reduced level of Put (Fig. 3C) . In contrast to the pattern observed above, the (Spd + Spm) : Put ratio in megagametophytes was above 1 throughout the experimental period (Fig. 4C) . The observed profile was probably caused by the higher levels of free Spm and Spd in comparison to free Put levels throughout seed germination, and by the decrease in both free Spm and Spd at the beginning of the process (Fig. 3E ).
IAA and ABA
In all tissues analysed, IAA accumulated at higher levels when compared with ABA, for both species studied. However, the pattern of accumulation of both hormones during seed germination in O. odorifera and A. angustifolia displayed different profiles. In O. odorifera, IAA content decreased during the first 15 d after seed sowing, increasing and then returning to its initial content thereafter. ABA content also decreased during the beginning of seed germination, but then stabilized throughout the experimental period. Thirty days after sowing, IAA content was approx. 30 times higher than the ABA content (Fig. 5A) .
Araucaria angustifolia embryos accumulated more IAA and ABA than megagametophytes during seed germination. Two days after seed sowing, the IAA content of embryos showed a major increase, and then decreased on the 4th day. A slight increase in IAA content was observed 12 d after seed sowing. ABA levels increased during the first 4 d after seed sowing, declining after that, throughout the experimental period (Fig. 5B) . For megagametophytes, IAA content declined progressively until the 4th day and then remained stable 12 d after seed sowing. ABA levels were barely detected in megagametophytes, and, as in embryos, they started to decrease 4 d after seed sowing. Between the 8th and 12th day after seed sowing, the ABA content was undetectable (Fig. 5C ).
DISCUSSION
In plants, intracellular levels of free PAs are tightly regulated at various steps, including de novo synthesis, degradation and transport (Kusano et al., 2008) . This regulation plays an analogous role to the regulation required for plant growth regulators, and influences cell division and viability 
. PAs ratio [(Spd + Spm)/Put] in (A) O. odorifera embryos and (B)
A. angustifolia embryos and megagametophytes in mature seeds and throughout the germination process (mean + s.e., n ¼ 3). can occur in the free form or conjugated with phenolic compounds and low molecular-weight molecules (Bouchereau et al., 1999; Kuznetsov et al., 2006) , conjugation being a way to control intracellular concentration (Bagni and Pistocchi, 1990; Katerova and Todorova, 2009 ). On the other hand, other studies have provided evidence that both free and conjugated PAs play a role in floral initiation and flower development. They would act in important differentiation steps, or they may be part of the hormonal regulation of sex development in plants (reviewed in Bais and Ravishankar, 2002) . The increase in PAs in A. angustifolia and O. odorifera just prior to radicle protrusion were similar in both species analysed, and could be corroborated with observations reported for other systems. Seed dormancy in A. platanoides (Szczotka and Lewandowska, 1989) was broken by exogenous application of Spm. Total amounts of free and conjugated PAs increased during imbibition and decreased from radicle protrusion onwards in chick-pea seeds (Gallardo et al., 1992) , as well as Brassica rapa (Puga-Hermida et al., 2006) and Picea abies (Gemperlová et al., 2009) . A recent study demonstrated that inhibition of an intermediate compound at the methionine cycle alters PA levels, and impairs seedling growth and reproduction in arabidopsis (Bürstenbinder et al., 2010) . In Arabidopsis seedlings, Put was the PA capable of restoring normal root growth after treatment with DFMO (difluoromethylornithine), a PA inhibitor. In the same species, another report showed that the addition of high Put concentrations, besides Spm and Spd treatment, inhibited seed germination (Mizra and Bagni, 1991) . During apple seed germination, the effects of Put and Spd were stimulatory, while Spm was inhibitory (Sińska and Lewandowska, 2006) .
Although the various studies cited above have shown variations in the content of PAs during germination, the type of PAs was different for each species mentioned. The results observed in the present work suggest that Spm and Spd could play an important role in the germination process of O. odorifera and A. angustifolia, respectively, in contrast to Put, whose profile did not change in either embryo (Fig. 3) . In addition, as conjugation can be considered a way to control intracellular PA levels (Bagni and Pistocchi, 1990; Katerova and Todorova, 2009) , the low content of conjugated Spm and Spd associated with the increase in conjugated Put (Fig. 3) reinforces the importance of free Spm and Spd in the germination process of both seeds analysed. Therefore, variation in PAs seems to be intrinsic to seed germination. Additionally, the different profiles observed here raise the question of whether a single PA can be used as a biomarker of the germination process or be more suitable to characterize this event considering the balance between the levels of PAs.
In the present work, an identical pattern of the (Spm + Spd) : Put ratio, which increased prior to radicle protrusion, could be observed, with the exception of the A. angustifolia megagametophyte. This result shows the importance of Spm and Spd in the period prior to radicle protrusion, in both species (Fig. 4) . Similar results were observed in O. catharinensis seed germination (Dias et al., 2009 ). In Zea mays, endogenous Spd had a closer relationship with physiological changes of seeds during their development than that of Put and Spm (Cao et al., 2010) .
During embryogenesis, Put has been proposed to play a fundamental role in the beginning of this process, when the division rate is high, while higher levels of Spm and Spd would be essential at the end of embryo development, when growth largely depends on cellular elongation (Astarita et al., 2003; Santa-Catarina et al., 2006) . These observations suggest the importance of the increase in Spm and Spd levels during cell elongation, a crucial event in the germination process.
On the other hand, the low levels of Spd and Spm in megagametophytes (Fig. 3E) (a haploid tissue of maternal origin) could be related to the low rates of cellular growth and division observed in this structure during germination. In addition, the low content of these PAs in the megagametophyte and the increase in their levels prior to radicle protrusion in the embryo (Fig. 3C) could be associated with possible transport of PAs from the megagametophyte to the embryo. The corrosion cavity, the space where the embryo develops, is filled with fluid that serves as a nutritional and hormonal interphase between the developing embryo and megagametophyte (Carman et al., 2005) . In loblolly pine (Pinus taeda) seed, the megagametophyte has also been demonstrated to be a living tissue which interacts with the germinated embryo and young seedling (Brownfield et al., 2007) . In Picea abies the accumulation of Spd in germinating embryos suggests that this PA is supplied by megagametophytes, since this tissue had high S-adenosylmethionine descarboxilase activity but low Spd levels (Gemperlová et al., 2009) . Therefore, it may be that there is transport of PAs during germination of A. angustifolia seeds, in spite of the absence of the physical connection between the megagametophyte and embryo, as can be observed in more derived seeds like those of angiosperms. This would explain, at least in part, the increase in both free Spd and Spm in the embryo associated with the decrease in these PAs in megagametophytes (Fig. 3) . Variation in PA levels in the different tissues and the communication between them in a seed has been reported for other species. In the seed of the angiosperm Cicer arietinum, where the reserve substance is concentrated in the cotyledons, the embryo axis attached to the cotyledons contains a high level of Put, Spm, Spd and Cad (cadaverine), as compared to cotyledons themselves, as well as a high level of Put, Spd and Spm, compared with the embryonic axis excised from the whole seed before germination. In contrast, embryotomized cotyledons showed a far higher PA content than whole seeds, implying that the cotyledons are at least a partial source of PAs (Gallardo et al., 1992) .
IAA and ABA were differentially accumulated during O. odorifera and A. angustifolia seed germination. In O. odorifera, IAA and ABA variations (Fig. 5) were similar to the results observed in both dormant and non-dormant seeds of A. thaliana (Garciarrubio et al., 1997) and germinating seeds of O. catharinensis, a recalcitrant seed (Dias et al., 2009) . In embryos of A. angustifolia, the IAA content (Fig. 5 ) was similar to those observed in Pinus sylvestris, in which the IAA levels were higher at the beginning of seed imbibition, decreasing during radicle elongation (Ljung et al., 2001) . Interestingly, in megagametophytes the levels of both hormones decreased sharply during seed germination, similar to that observed for PA content, also suggesting a possible transport of hormones from this tissue to the embryo. An interaction between closely related tissues involving ABA mobilization has also been suggested. According to Farnsworth (2000) , ABA can be detected in all seed components, and its regulatory action in seed dormancy may not be restricted to embryonic tissues alone, assuming a communication between embryo and endosperm. Another interesting mobilization of ABA between tissues was observed in Beta vulgaris seeds. Germination assays carried out in fruits of this species compared with their isolated seeds demonstrated that endogenous ABA content decreased upon imbibition, not only by degradation or absence of its biosynthesis but mainly by an embryomediated ABA extrusion system, in which the pericarp is involved to keep the ABA content in seeds low, supporting ABA extrusion (Hermann et al., 2007) .
The development of somatic embryos, and their conversion to plants, is closely related to variations in endogenous phytohormone levels (Gemperlová et al., 2009) . After imbibition during seed germination, the seeds set a specific metabolism, resulting in the decrease in ABA and gibberellin (GA) synthesis rate (Ali-Rachedi et al., 2004) . The ABA/GA balance is crucial to the maturation and germination process, and ABA is responsible for promoting maturation and inhibiting cell-cycle progress, growth and germination (Curaba et al., 2003 , Gazzarini et al., 2004 , besides keeping imbibed seeds dormant (Finch-Savage et al., 2006 ). Like the relationship described for ABA and GA, a crosstalk between ABA and IAA was identified in different periods of seed development in A. thaliana. IAA activates the transcription factor FUS3, one of the factors responsible for the modulation of ABA synthesis at the beginning of seed maturation (Gutierrez et al., 2007) . Hypersensitivity to ABA was reported to occur during sensu stricto germination and post-germination of these seeds, which were mutant to an auxin transcription factor (Liu et al., 2007) . Therefore, in the present work, the decrease in ABA associated with increased IAA levels in O. odorifera embryos (Fig. 5) could be a result of crosstalk between these two phytohormones. In contrast, in a study that compared Beta vulgaris seed germination in the presence or absence of fruit, the authors reported that exogenous ABA did not affect the IAA content during the germination process, in any of the experimental situations (Hermann et al., 2007) .
The repressor effect of ABA during seed germination could be explained by a restriction in energy and nitrogen availability, observed after exogenous application of this hormone in non-dormant arabidopsis seeds. However, this effect proved to be concentration dependent, though the seed is able to resume the germination process when amino acids and sugars are added to the culture medium (Garciarrubio et al., 1997) . The ABA content in A. angustifolia embryos showed an unexpected increase (Fig. 5) , compared with the drop in levels of this compound during the germination of orthodox seeds. However, this increase did not inhibit the germination process. Balbuena et al. (2011) observed an increase in ABA-induced proteins in embryos from germinated seeds of A. angustifolia. It is important to highlight the fact that this species did not show changes in its water content throughout germination (data not shown), and that in recalcitrant seeds the embryogenic and germination processes occur as a continuous process, without a metabolic interruption between the two events, as opposed to what occurs in orthodox seed. Therefore, it is possible that the germination process of A. angustifolia seeds had already begun when ABA levels increased, which made it more resistant to the effects of this compound. A greater tolerance to the effects of ABA has also been reported in desiccation-sensitive seeds, like Hopea odorata. In this species, even high levels of exogenously applied ABA could inhibit germination. The authors linked this fact to an active ABA metabolism, which showed high turnover and the existence of high levels of endogenous conjugates (Garello et al., 1995) . In addition, despite the different behaviour of ABA between the embryos analysed, the absolute content at the end of the germination process in A. angustifolia and O. odorifera embryos was similar, around 10 ng g 21 fresh weight (f.wt). These levels are somewhat higher than that observed for the orthodox non-dormant arabidopsis seeds, which had levels around 3 . 6 ng g 21 f.wt at the end of germination (Ali-Rachedi et al., 2004) .
The increase in IAA levels observed in both A. angustifolia embryos and O. odorifera embryos (Fig. 5) is probably related to radicle elongation. It is accepted that much of plant growth depends on auxin-induced cell division, expansion and differentiation. The auxin-mediated developmental process is a result of the differential distribution of auxin, established by spatio-temporally controlled synthesis, while the directional intercellular auxin transport is known to be essential to cell elongation (Cosgrove et al., 2002; Cosgrove, 2005; Vissenberg et al., 2005; Vanneste and Friml, 2009) . Despite the participation of IAA in processes like cell division, expansion and differentiation, few studies have reported the correlation of this hormone to the germination process. Some works have shown that IAA increased PA levels and activities of enzymes involved in its biosynthesis (Rastogi and Davies, 1991; Park and Lee, 1994) . In the present work, the highest values recorded for IAA accumulation, for both species, match the highest levels of Spm in O. odorifera embryos and the first peak of Spd in A. angustifolia embryos (Fig. 3) . These results suggest a possible association between IAA and PAs during germination of this species. Auxin -polyamine interaction has been discussed in a study on the control of the rooting inductive phase of Poplar shoots in vitro (Hausman et al., 1995) . In this study, the authors reported that exogenous Put caused an increase in endogenous levels of IAA as well as, to a limited extent, of its conjugated IAA aspartate. Quite similar results were obtained with application of aminoguanidine, an inhibitor of Spm enzyme synthesis. In addition, application of Spm and diamine oxidase, an enzyme that degrades Put, counteracted the effects induced by naphthaleneacetic acid. On the other hand, exogenous application of auxin in this root triggered a rise in endogenous Put level, which was reduced by applying Spd and aminoguanidine (Hausman et al., 1995) .
Conclusions
The results reported here suggest that the interaction between the different seed tissues observed in angiosperms may also occur in gymnosperm seed tissues, despite the differences in seed structures caused by the evolutionary distance between these plants. In gymnosperms, transport of plant growth regulators may occur between megagametophyte and embryo, even though physical connections between these tissues are absent and the reserve tissue remains almost entirely outside the embryo, but inside the seed during embryogenesis, in contrast to angiosperms, in which endosperm is transported to the embryo. The present results also showed that PA accumulation in A. angustifolia differed from the values observed for O. odorifera during seed germination. Since both these seeds are recalcitrant, the difference observed could not be associated with the metabolic aspect of the seed (recalcitrant × orthodox), but probably with the evolutionary distance between the species. However, the PA balance in both embryos allowed us to propose the use of the (Spd + Spm) : Put ratio as a marker of the germination process. The increase in IAA levels, prior to germination, could be associated with variation in PA content. In addition, the ABA mobilization observed in the embryos could represent a greater resistance to this hormone in comparison to orthodox seeds, and could be explained by the recalcitrant behaviour of the seeds studied in this work. This pattern opens a new perspective for studies on the effects of this regulator on recalcitrant seeds. The results presented here shed new light on seed development and germination and may pave the way for further studies. In addition, this information will be useful for monitoring the ability of seeds to germinate after storage and it increases our knowledge in our efforts to conserve somatic embryos in these endangered native trees of the Atlantic Rainforest in Brazil.
